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Modified Sternglass theory for the emission of secondary electrons by fast-electron impact
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The Sternglass theory [Sternglass, Phys. Rev. 108, 1 (1957)] for fast-ion-induced secondary-electron
emission from metals has been modified to predict the secondary-electron yield from metals impacted by
energetic (several keV to about 200 keV) electrons. The primary modification of the theory accounts for
the contribution of the backscattered electrons to the production of secondary electrons based on a
knowledge of the backscattered-electron energy distribution. The modified theory is in reasonable agree-
ment with recent experimental data from gold targets in the 6—30-keV electron energy range.

PACS number(s): 79.20.Hx, 79.20.N¢c, 79.20.Rf, 34.50.Bw

I. INTRODUCTION
A. Secondary-electron emission

When an energetic charged particle impacts a solid,
secondary electrons are emitted as a result of energy-
transfer processes between the charged particle and the
electrons in the solid [Figs. 1(a) and 1(b)]. This emission
of secondary electrons is quantified in terms of the
secondary-electron (SE) yield of the solid Y, which is the
number of secondary electrons emitted per incident
charged particle.

Theoretical treatments of secondary-electron emission
have been based on many different mechanisms. For ex-
ample, ion-induced secondary-electron emission has been
treated in the 1-100-keV energy range by Parilis and
Kishinevskii [2] based on an Auger recombination mech-
anism and Ghosh and Khare [3] have developed a theory
valid at high energies ( > a few MeV) by relating the yield
to the ionization cross section. Electron-induced
secondary-electron emission has been described by the
elementary theories of Salow [4], Baroody [5], and Bruin-
ing [6]. Kanaya and Kawakatsu [7] have modified these
results by using a Lindhard power potential to describe
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FIG. 1. Diagram showing the generation of secondary elec-
trons (SE’s) from both (a) electron impact and (b) proton impact
and their subsequent migration to the target surface. The pro-
duction of secondary electrons from backscattered electrons
(BSE’s) must be accounted for in the case of electron impact.

SE emission from metals due to both primary and back-
scattered electrons, and Kanaya, Ono, and Ishigaki [8]
later extended this approach to include insulators.
Comprehensive transport theories that are applicable to
both electron-induced and ion-induced emission have
been presented by Schou [9] and by Rosler and Brauer
[10]. The absence of a definitive theory to describe either
ion-induced or electron-induced secondary-electron emis-
sion is testament to the complex mechanisms involved in
the emission process.

B. The Sternglass theory for ion-induced
secondary-electron emission

A well-known and particularly useful theory for the
emission of secondary electrons from metals induced by
energetic ions ( = a few MeV) was proposed by Sternglass
[1] in 1957. In this approach, the emission of secondary
electrons [Fig. 1(b)] is described as a three-stage process
consisting of (i) the liberation of target electrons by pro-
jectile ionization of target atoms, (ii) the migration of
these electrons to the target surface, and (iii) the escape of
the liberated electrons through the target surface poten-
tial barrier. Because the theory is limited to high-velocity
ions, the projectile range in the target is much greater
than the secondary-electron generating depth d;. There-
fore, to a good approximation, the energy loss of the pro-
jectile per unit path length (i.e., the stopping power) can
be viewed as a constant within this depth.

In the Sternglass theory, the secondary-electron yield is
proportional to the stopping power of the target material
and is given by
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where P~ 1 is the probability that an ionization electron
liberated from a depth d; will reach the surface and es-
cape, d, ~5—50 A is the mean escape depth of the secon-
dary electrons and is on the order of the mean free path
of a slow electron, 0 is the angle between the incident
ion’s velocity vector and the surface normal of the ma-
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terial, and E, ~25 eV is the mean energy deposited by
the fast ion into the target to produce one ionization pair.
(dE /dx);,, is the electronic-stopping power of the target
material and for high-velocity ions is given by [11]

dE ’

dx

~ . : @)

2,2 2m,v
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where v and z are the ion velocity and ion charge state, I
is the mean excitation potential of the target material, Z
and n are the atomic number and number density of the
target material, e is the electronic charge, m, is the mass
of the electron, and the ‘“~ sign indicates the exclusion
of higher-order correction terms in the In factor [12]. Ba-
sically, (d, /cos@)(dE /dx) is the amount of energy depos-
ited by the incident ion within d; of the surface.

The limitations of the Sternglass theory, as with all
theories on secondary-electron emission, lie in the simpli-
fying assumptions, namely, the neglect of electron cap-
ture and loss effects, the assumption of a constant dE /dx,
and the difficulty in assigning accurate values to the pa-
rameters P, d;, and E,. The effects of the first two points
are minimized for the high primary particle energies for
which the theory was developed. In addition, the theory
neglects the production of secondary electrons by the de-
cay of plasmons and oversimplifies the analysis of distant
collisions (small energy transfer between the primary
electron and lattice electron) and close collisions (large
energy transfer between the primary electron and lattice
electron) [13]. The distant collisions directly produce
slow secondary electrons and the close collisions produce
energetic, forward-scattered electrons (‘8 rays”), which
in turn produce secondary electrons in higher-order col-
lisions. Sternglass shows that the production of secon-
dary electrons by 8 rays is negligible when the penetra-
tion distance of the § rays Lg is much greater than the
mean free path for collisions for a secondary electron L
[see Eq. (18a) of Sternglass [1]]. Consequently, in the
limit of high primary particle velocities, the contribution
by the & rays to the production of secondary electrons is
small and can be neglected. Despite the approximations
of the Sternglass theory, its continued use has been war-
ranted by its ability to accurately and simply describe
available experimental data [12,14,15].

The purpose of this paper is to modify the Sternglass
theory to describe not only ion-induced secondary-
electron emission but also electron-induced emission.
The modification is motivated by the physical insight
provided by the theory into the secondary-electron emis-
sion process, the theory’s effectiveness in describing
high-velocity emission [12,14,15], its simplicity, and the
convenience of having one theory which describes both
electron-induced and ion-induced secondary-electron
emission. The modification accounts for the production
of secondary electrons by the backscattered electrons
[16], as well as by the primary electrons. Section II
presents the details of the modification and is followed in
Sec. III by a comparison of the modified theory to the
available experimental results in the MeV/amu-energy
range. A summary appears in Sec. IV.
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II. MODIFICATION OF THEORY

When a solid is impacted by an ion [Fig. 1(b)], the total
yield ¥ of electrons from the surface is just equal to the
secondary-electron yield of the solid as given by Eq. (1):

Y=Y, . 3)

In contrast, an important feature of electron-induced
emission [Fig. 1(a)] is that some of the incident electrons
are backscattered from the solid [16—18]. In this case,
secondary electrons are then produced by both incident
and backscattered electrons and the total yield of elec-
trons from the target is

Y=Y, +Y,+r, @)

where Y, _ is the secondary-electron yield of the solid due

to the incident electrons passing through the surface, Y,
is the secondary-electron yield of the solid due to the
backscattered electrons passing back through the surface,
and r is the reflection coefficient and represents the num-
ber of backscattered electrons per incident electron. The
reflection coefficient 7 can be routinely calculated for the
elements from an analytic expression published by
Hunger and Kuchler [19].

In order to describe electron-induced secondary-
electron emission, the modified version of the Sternglass
theory must be able to evaluate the terms Y, and Y, in

Eq. (4). In the framework of the Sternglass theory, an in-
cident electron will produce secondary electrons in the
same manner as does an incident ion since the yield is a
function of only the charge and velocity of the incident
particle. Y, _ can then be expressed as

Pd

s dE
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where now [11,20]
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Here z=—1 (incident electron) and the 1.2329 term ac-

counts for the indistinguishability of the incident and tar-
get electrons following a collision and for the reduced
mass of this two-electron system. The evaluation of Y,,
on the other hand, must take into account the energy and
angular distributions of the backscattered electrons. We
evaluate this term by essentially reapplying the method
used by Sternglass in evaluating Y, in Eq. (1) with the
exception that we now integrate over the distribution of
backscattered electrons in both energy and angle.

When a normally incident beam of electrons impacts a
solid, backscattered electrons are produced with a distri-
bution f(Eggg,60) in both energy and angle. This distri-
bution is given by

f(Egsg,0)=C, W(Egsg)cos , )

where 0 is the angle between the backscattered-electron
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trajectory and the normal to the solid, Eggp is the
backscattered-electron energy, W (Egg:) is a function
describing the energy distribution of backscattered elec-
trons, and C, is a normalization constant that is deter-
mined by integrating f (Eggg,0) over all angles and ener-
gies and setting the result equal to the reflection
coefficient r:

r=[dQ [dEpqf(Epg, )
=C, [ dEgss [Td [77d0 W (Epgg)cosOsin
nJg @FBSEJ ¢ o BSE /COSUSING .

(8)

In the limits of the integral, E, is the incident electron
energy and E_ ., is the energy at which the maximum of
the dE /dx curves occurs. Since the Sternglass theory is
only valid for energies above the maximum of dE /dx
(i.e., only valid when the range of the incident electron is
greater than d;), the modified theory will only be accurate
if about 95% or more of the backscattered electrons have
energies above E_,,. This condition is easily met since
the majority of backscattered electrons usually have ener-
gies that are a large fraction of the incident-electron ener-
gy [18]. Since the depth at which an electron is backscat-
tered is so much greater than d;, we can make the ap-
proximation that a backscattered electron passes straight
through the emission region of depth d; and that each
backscattered electron has a constant energy during its
trajectory through this region. If we once again apply
the Sternglass theory, this time to the backscattered elec-
trons rather than the primary electrons, the term Y, can
then be written as

Pd; .E, dEgsg
Y= Je dEnse |—- ~
/2 1
X de E ,9 o 9
f—n/z S(Epse )cos9 ©)

where the 1/cos6 factor accounts for the increased path
length of the backscattered electrons through the
secondary-electron generating depth d; [21] and
f(Egsg,0) is given by Eq. (7). Equations (4), (5), and (9)
collectively represent the modified Sternglass theory for
electron-induced secondary-electron emission.

In the original Sternglass theory [1], two types of col-
lisional processes were attributed to the production of
secondary electrons: collisions between the primary and
lattice electrons that (i) directly resulted in secondary
electrons and (ii) generated 6 rays that in turn produced
secondary electrons through higher-order collisions. For
energetic primary electrons, the resulting 8 rays have a
negligible contribution to the production of secondary
electrons, partly because of their forward scattering in a
direction opposite to the direction of secondary-electron
emission (i.e., the same direction as the primary electron
beam). However, when modifying the Sternglass theory
to account for the production of secondary electrons by
backscattered electrons, the forward scattering of the &
rays by the backscattered electrons is now in the same
direction of travel as the secondary electron emission and
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the effect of the § rays in producing secondary electrons
becomes somewhat more pronounced. This effect can be
quantified somewhat by considering the experimental re-
sults of Reimer and Drescher [22]. Their experiments
studied the secondary-electron production from primary
electrons exiting thin gold and aluminum targets. Their
results (Fig. 5 of Reimer and Drescher [22]) show that the
secondary-electron yield for 9.3-keV electrons exiting a
thin film of aluminum increases from 0.21 to a maximum
of 0.31 as the film thicknesses is increased from ~O0 to
3700 A. This increase in yield is due to the decrease in
energy of the transmitted electrons and to the production
of secondary electrons by the & rays. However, since the
range of a 9.3-keV electron is roughly 10000 A and since
Y ~dE /dx, it is clear that the majority of the increase in
the yield as the sample thickness is increased is due to the
slowing down of the transmitted electrons and that the &
rays must contribute a very small amount to this in-
crease. In light of these results, we make the approxima-
tion that the contribution of the 8 rays to the production
of secondary electrons is negligible within the uncertain-
ties of the modified theory and therefore no attempt is
made in the modified theory to account for them.

III. COMPARISON WITH EXPERIMENTAL DATA

The comparison of the modified theory to experimental
data is illustrated in Fig. 2. Previously published
secondary-electron yield measurements are shown for
both protons [14,15,23] and electrons [15,23] normally in-
cident on gold targets over the same range of particle ve-
locities. Both data sets were collected using the same ex-
perimental technique. The secondary-electron yield
(Y,-+7Y,) is plotted as a function of incident particle en-
ergy. For convenience, the x axis is scaled in both
MeV/amu and keV/emu units where emu represents
“electron mass units.” The electron-induced yields are
consistently larger than the proton-induced yields for a
given energy because of the contribution of the backscat-
tered electrons to the production of secondary electrons.

Details of the target-cleaning technique and an assess-
ment of the reproducibility of the data can be found in
Suszcynsky and Borovsky [15]. Based on the scatter of
the data points, the reproducibility of the data, and the
comparison of the data to previous authors’ measure-
ments, the uncertainty in any one measurement is es-
timated to be about 20%.

Since P, d,, and E, values in the Sternglass theory are
invariant to projectile type and velocity and since they
are not well defined experimentally, the comparison of
the theory to the data is best illustrated with a method
that is independent of these values. For the proton data,
a one-parameter least-squares fit (dotted line) of the
Sternglass theory [Eq. (1)] to the data indicates that
Pd,/E,=1.72X10"° cm/eV. This value for Pd,/E, is
then used in Egs. (5) and (9) to calculate the predicted
yield from electron-induced emission based on the
modified Sternglass theory (solid line).

For the function W (E) in Eq. (7), a fifth-order polyno-
mial fit is made to the backscattered-electron energy-
distribution plot for platinum found in Sternglass [18]
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FIG. 2. Secondary-electron yields for gold due to electron
impact (®) and proton impact ( X ) as a function of incident par-
ticle velocities. A one-parameter fit of the Sternglass theory to
the proton data (dotted line) produces a value of
(Pd;/E+)=1.72X107° cm/eV, which is then used to predict
the secondary-electron yield for electron impact (solid line)
based on the modified Sternglass theory. For gold, E,, =800
eV (Ref. [24]) and I=770 eV (Ref. [1]).

(Fig. 3 of this paper). Since the reflection coefficient r and
energy distribution W (E) for a given material are pri-
marily a function of Z, the gold (Z =79) distribution is
well approximated by the platinum (Z =78) data.

As can be seen in Fig. 2, the prediction of the
electron-induced yield based on the modified theory
agrees with the gold data to within 10% for electron en-
ergies greater than about 8 keV. For energies less than 8
keV, the lower limit of the energy integral, E,_ ., in Eq.
(9) begins to exclude a significant portion (>5%) of the
backscattered-electron distribution and results in a break-
down of the theory at lower energies. This part of the
curve is dashed to indicate the inability of the theory to
account for a significant portion of the backscattered
electrons in this energy range. The value of Egg /E, at
which this breakdown begins to occur is also indicated by
an arrow in Fig. 3.

In general, the lower limit of the energy range over
which the modified theory is valid is determined by the Z
of the target material. As Z decreases, the mean energy
of the backscattered electrons decreases slightly (see Fig.
3), resulting in a populating of the lower energy portion

of the backscattered-electron energy distribution. How-
ever, since E_,, also generally decreases with a decrease
in Z [24], the slight shifting of the backscatter energy dis-
tribution towards a lower energy does not result in an in-
crease in the minimum energy for which the theory is val-
id. Practically speaking then, a valid lower limit for E, is
about several keV. The theory is also invalid at very high
electron energies (E,; =200 keV) because of relativistic
corrections to dE /dx. These corrections become large at
E ;=500 keV.

IV. SUMMARY

In summary, the Sternglass theory for secondary-
electron emission from metals due to fast-ion impact has
been modified to include the case of electron-induced
emission. The modified theory is valid for electron ener-
gies from several keV (depending on the Z of the metal)
to about 200 keV (limited by the onset of relativistic
effects). To utilize the modified theory, a knowledge of
the backscattered-electron energy distribution is needed
in order to quantify the contribution of the backscattered
electrons to the production of secondary electrons. Ex-
perimental data for backscattered-electron energy distri-
butions can be found in a number of papers
[18,21,25-30]. The modified theory agrees with recent
secondary-electron yield data for gold to within 10%.
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(a) Primary Electron (b) Primary Proton
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FIG. 1. Diagram showing the generation of secondary elec-
trons (SE’s) from both (a) electron impact and (b) proton impact
and their subsequent migration to the target surface. The pro-
duction of secondary electrons from backscattered electrons
(BSE’s) must be accounted for in the case of electron impact.



